[1] The leakage of water from three Agulhas rings has been studied in a high resolution global ocean model using a Lagrangian particle following technique. A bowl shaped ring boundary that reaches a radius of 140 km and a depth of 800 m separates regions of fast and slow leakage. The dilution of Agulhas ring water generally increases with depth, but a shallow secondary circulation enhances leakage in the upper 150 m. Strong surface cooling upsets the horizonal pressure gradient which is balanced by subinertial motions that act to form this shallow overturning cell. 
Introduction
[2] The Agulhas Current is the strongest western boundary current of the southern hemisphere. It retroflects to the south of South Africa and flows back into the Indian Ocean as the Agulhas Return Current. Agulhas rings are shed off the retroflection loop irregularly and move into the South Atlantic Ocean in a north-westerly direction. These rings form an important link between the subtropical gyres of the South Atlantic Ocean and the Indian Ocean . This link is thought to play an important role in the upper branch of the global thermohaline circulation . Schouten et al. [2000] followed these rings with satellite measurements of sea surface height (SSH). During the first five months after the shedding of Agulhas rings the decay of the SSH is strongest. Drijfhout et al. [2003] showed that the strong decay is associated with a mixed barotropic/ baroclinic instability. In most cases this instability leads to split-up of the ring. Loss of a passive tracer from the ring scales well with the decay of SSH.
[3] From theoretical considerations, Flierl [1981] concluded that, when the rotational speed is larger than the translational speed of the eddy, water is trapped inside eddies. This suggests that leakage across a ring boundary above a certain critical depth is weak, while it will be strong below this depth. Indeed, van Aken et al. [2003] discussing observations of a young Agulhas ring, found no systematic differences of water mass properties between the ring and its surroundings below the 12°C isotherm, located at a depth of 650 m in this ring. The leakage of water from Agulhas rings below this depth has also been found in a numerical model of an Agulhas ring [de Steur et al., 2004] .
[4] Agulhas rings are strongly cooled, especially in winter. Dewar [1987] calculated the restructuring of an idealized warm ring using a two-layer model. Estimates of energy release during adjustment suggest that a significant amount of energy is converted into internal wave energy. Drijfhout et al. [2003] , however, found that the effect of cooling is weak; the instability process develops marginally slower. An alternative theory was developed by Young [1994] . In his subinertial mixed layer (SML) theory, a balance arises between vertical mixing and ''unmixing'' by differential advection. The latter is associated with a sheared horizontal pressure gradient that may arise, for instance, from cooling.
[5] In this article we analyze the water mass exchange of three Agulhas rings in a high-resolution global ocean model. This enables us to look at the decay processes of Agulhas rings in a realistic setting. The model allows for a detailed vertical structure within the mixed layer, which has not been studied before. Water mass exchange between the ring and the surroundings is calculated with Lagrangian diagnostics.
Data and Methods
[6] The general circulation model OCCAM [Webb et al., 1997] was used for a detailed study of Agulhas rings. The model uses an eddy-resolving resolution of 1/12°and employs 66 depth levels, with 20 layers in the top 200 m. The mixed layer is described by the KPP scheme [Large et al., 1994] . The initial potential temperature and salinity fields were interpolated from the WOCE SAC climatology [Gouretski and Jancke, 1996] for most of the World's oceans together with World Ocean Atlas data [Antonov et al., 1998; Boyer et al., 1998 ]. During the run analyzed here, the ocean surface was forced by a monthly average ECMWF wind stress climatology [Gibson et al., 1997] calculated from the years 1986 to 1989 inclusive [Siefridt and Barnier, 1993] . Surface relaxation of temperature and salinity toward monthly climatologies ] was also applied. The model was run for two years, of which the second year was used for our analysis. We used instantaneous model fields at three day intervals for all calculations. GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L16312, doi:10.1029 /2004GL020644, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL020644$05.00
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[7] For the Lagrangian analysis of leakage from Agulhas rings we used an off-line approach [Döös, 1995] , extended by de Vries and Döös [2001] for the use with timedependent flows. Every particle represents a specified volume of water (10 9 m 3 ). More than twenty thousand particles were used for the smallest Agulhas ring. Each trajectory was followed for the full second year of the model run. Particles were seeded in the top 2000 m of the Agulhas ring wherever the SSH was above 25 cm. The center of the Agulhas ring was defined as the interpolated location of the SSH maximum. The Agulhas rings were also analyzed in a two-dimensional, Eulerian framework. To this end, the data was azimuthally averaged around the ring center and plotted as a function of radial distance and depth.
Water Mass Exchange
[8] Figure 1 shows the SSH at the beginning of the year that has been used for the following analysis. The Agulhas Current is centered at 24°E. The light shading indicates the regions within the three Agulhas rings where Lagrangian particles were seeded. Also the path of the three rings has been indicated. The youngest (and largest) Agulhas ring is two weeks old. The ring properties (sea surface salinity, sea surface temperature, SSH, mixed layer depth or MLD, ring size and the depth anomaly of the 12°C isotherm) agree very well with Agulhas ring ''Astrid' ' [van Aken et al., 2003 ], so we conclude that the modeled rings are realistic. The ring breaks up after two months, and sheds some small rings in the following two months. The split-up can be attributed to the mechanism described by Drijfhout et al. [2003] . The middle ring was shed off mid-November, at the end of spring. The oldest ring was formed in mid-winter of the first year. The two oldest rings are stable and do not break up.
[9] The Agulhas rings have been traced with the Lagrangian particle technique for one year to investigate the leakage of water into the environment. Only the results of the middle ring (located at 36°S, 13°E) are shown here. All results are equally applicable to the other Agulhas rings, unless otherwise stated. Figure 2 shows the average residence time (or e-folding time scale) of particles within the ring as a function of distance from the ring center and depth. For each azimuthally averaged gridcell an exponential function was fitted to the concentration of particles as a function of time. A clear, bowl shaped division can be seen between particles that reside in the ring (white) and particles that leak into the environment (dark gray). The bowl shape reaches to a distance of 140 km and a depth of 800 m. The decay of the anomalous heat and salt within the bowl is estimated with a linear extrapolation between 2 to 6 years.
[10] Figure 2 also shows the contour where the rotational velocity is at least twice the translational speed of the Agulhas ring. Note that the contour shallows at approximately 80 km distance from the ring center, where the maximum azimuthal velocity is largest. The criterion is a good indicator of the bowl shaped ring boundary. This criterion is also valid for the oldest ring, although for the largest ring it only holds for the period when no instabilities develop. The average residence time along the ring boundary is 250 days. The criterion of Flierl [1981] for the ring boundary, namely where the rotational speed equals the translational speed, is also shown on Figure 2 (lower contour). This reaches down to 1200 m and 20 km further outward. This criterion defines a less sharp boundary in terms of the average residence time, which can be attributed to the unsteadiness of both the ring boundary and its self advection [de Steur et al., 2004] .
[11] In the upper 150 m of the Agulhas ring a significantly stronger water mass exchange can be seen, in the form of a curl of water with a lower residence time. This suggests that the surrounding water is drawn into the ring at 100 m depth, upwells within the ring and flows radially outward near the surface. The streamfunction of the circulation causing the enhanced leakage near the surface is shown in Figure 3 . The shallow overturning cell is the strongest circulation feature within the bowl shaped ring boundary and is confined to the mixed layer. The cell is present in all Agulhas rings during winter and spring, when heat loss is strong. The overturning circulation in the mixed layer is independent of the azimuth angle (not shown).
Mixed Layer Processes
[12] For a better understanding of the mechanism behind the secondary circulation described in the previous section, we calculated the different terms of the density balance:
All variables were azimuthally averaged. The mixing term G, which includes all cross-correlational terms, was not calculated explicitly but equalled to the residual.
[13] The different terms of the density balance were calculated as a function of time in the top 11 m (upper two grid boxes), where the overturning cell and the atmospheric interaction are both strong. The density balance is plotted in Figure 4 . There is a clear balance between the strong surface forcing and horizontal advection. The freshwater forcing is weak and constant (5.7 Á 10 3 kg s À1 ). Atmospheric cooling of the Agulhas ring in winter causes the strong surface forcing. The surface cooling of Agulhas rings increases in autumn and winter and diminishes during spring. The horizontal advection is directed radially outward at the surface. Dense (cold) water flowing radially outward is replaced by light (warm) water from the ring center. This balance also holds for the other two Agulhas rings. For the largest ring this balance is only established when no more instabilities develop.
[14] The surface cooling is strongest close to the ring center, but this heat loss is effectively distributed over the depth of the mixed layer by convection. Near the ring center the mixed layer is deeper, so the effective cooling of the mixed layer is largest near the ring boundary where the mixed layer shallows. The maximum effective forcing coincides with maximum horizontal advection.
Discussion
[15] The SML theory [Young, 1994] may explain how the overturning circulation arises. The buoyancy flux upsets the preexisting geostrophic equilibrium and the system moves towards a new geostrophically adjusted state. The resulting horizontal pressure gradient features strong vertical shear and subinertial motions balance this pressure gradient with vertically sheared advection. Shear-driven restratification operates most efficiently when the timescale of vertical mixing of momentum t U is on the order of the inertial timescale f
À1
, when the parameter m ( ft U ) À1 % 1. The parameter m can be estimated from a relation between the Brunt-Väisälä frequency N 2 and buoyancy B in combination with the Richardson number Ri [Young, 1994, equation 4.9] :
The variable t is the timescale of vertical mixing of temperature and salinity. During the cooling phase the parameter m is close to 1 for all rings, in agreement with the SML theory ( Figure 5 ). At the onset and ending of the cooling phase m tends towards 0, indicating that momentum mixing weakens and the ageostrophic velocity decreases. For m ( 1, the validity of equation (2) breaks down. The Richardson number Ri is lower than 0.25, which indicates that vertical mixing of temperature and salinity is more rapid than vertical mixing of momentum.
[16] The combined action of unbalanced motions and vertical mixing in the SML theory rapidly removes density Figure 3 ). gradients but leaves behind compensated temperature and salinity gradients. To test whether this process also applies here, we calculated the complex density ratio R according to Ferrari and Paparella [2003] :
When gradients of temperature and salinity are compensated, jRj is equal to 1, while jRj is larger than 1 when temperature gradients determine the density gradients. Figure 5 shows the occurrence of jRj within the overturning cell. There is a preferred density ratio jRj of 8 and the alignment of temperature and salinity gradients is enhanced during the strong cooling phase (not shown). The Agulhas ring maintains the large scale radial temperature and salinity gradients, but the overturning circulation removes temperature and salinity gradients with other density ratios.
Conclusions
[17] We have analyzed the water exchange of three Agulhas rings during one year in an eddy-resolving global ocean model. There is a sharp boundary between particles that stay within the Agulhas ring and particles that mix into the environment. The ring boundary is well predicted by a criterion, based on Flierl [1981] , that the azimuthal velocity is at least twice the translational velocity at any time. The original criterion of Flierl [1981] is less suited to indicate the ring boundary due to unsteadiness of the ring boundary and its self advection [de Steur et al., 2004] . The bowl shaped ring boundary reaches 140 km from the Agulhas ring center and down to 800 m. Below 800 m the Agulhas ring quickly loses its original water mass, in agreement with observations [van Aken et al., 2003] . The criterion for the ring boundary is not applicable to Agulhas rings that split due to a mixed barotropic-baroclinic instability .
[18] Strong surface cooling generates a shallow overturning cell with radially outward flow near the surface and a compensating inward flow at depth. The circulation is limited to the mixed layer. The cell can be explained by the SML theory of Young [1994] : cooling creates vertically sheared pressure gradients which induce vertically sheared subinertial motions. Vertical mixing is balanced by restratification due to the sheared flow. The overturning cell forms an effective pathway between the edge and the inside of the Agulhas ring and it amplifies the dilution of anomalous water properties of Agulhas rings near the surface. The surface water is not trapped in the core, but connected with the outside: the overturning cell amplifies this water mass exchange by constantly bringing new water to the edge where it is mixed with the environment. 
